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АВ5ТКАСТ 

In this research a general purpose digitally controlled 
analog filter is presented. The novel design is a cascade of 
Second order sections that are individually programmed to 
achieve any filtering topologies.  Two-binary words are used 
to control the pole frequency «cp and selectivity Ор of each 
section independently. Each second-order section 
is a Generalized-Immittance Converter (GIC) biquads which are 
known for their high stability and low active and passive 
sensitivity. CMOS switches are used to electronically 
relocate the minimum number of passive elements Eo achieve 
function programmability. Switches are also used to select 
the number of cascaded sections to realize higher order 


transfer functions. 
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I. INTRODUCTION 


A. THE NEED FOR AN ACTIVE PROGRAMMABLE FILTER 

The availability of an analog filter with digitally 
controlled "programmable" coefficients has been the goal of 
many researchers due to its several attractions. One 
possibility of a compact, versatile analog filter under 
remote control opens up many novel and independent 
application areas. Also, when a programmable filter 15 
combined with а permanent referenced memory which is 
user-programmable, this would form ап economical and 
versatile device for dedicated stand-alone applications. The 
need for such a device was motivated by advancement in thick 
and thin film technologies and continuous upgrading of 
systems specifications to take advantage of the available 
technologies to the limits. 

Linear analog filtering finds many applications, such as 
speech processing (recognition or synthesis), geology, 
instrumentation, communications, process control, adaptive 
balancing, etc. There has been much emphasis on performing 
the filtering function digitally, largely because of the ease 
of varying and optimizing the transfer function. However, 
for many reasons, such as cost, size, signal processing 


complexity, and bandwidth, it would be desirable to perform 
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, 


the filter function with linear components yet retain the 
flexibility of varying the filter parameters digitally. 
Recently, the касе“ of combining linear components 
(Operational amplifiers, resistors and capacitors) and non 
linear elements (switches) have been demonstrated using 
switched capacitor techniques [36-38]. In this research, we 
are presenting the results of realizing a continuous active 
device using linear elements and switches controlled by 
digital signals to achieve a fully programmable filter [32]. 
Several programming features of the proposed filter аге 
reported. The first feature is the ability of the network to 
realize the most common filtering functions (function 
programmability) namely: Low Pass (LP), Band Pass (BP), High 
Pass (HP), All Pass (AP) and Notch (N) functions, using the 
minimal set of elements. The second feature is the ability 
of the network to program (independently) the key parameters 
of the filtering function chosen (parameter programmability) 
namely: the pole resonant frequency (wp) and selectivity 
(Ор). Finally, the ability to program the network to cascade 
several sections to achieve higher order filer. All of the 
above programmability features are performed independently to 
realize а universal filtering network. In order EO 
demonstrate the idea of this research, it is necessary to 


introduce some theoretical back ground. 
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В. LINEAR SYSTEMS 


The box at Fig. (1.1) illustrates the concept of the 
linear ии In the time domain, the system is 
characterized by its impulse response y(t), which is the 
output signal y(t) produced in response to an impulse. for 
an arbitrary input signal u(t), the output signal y(t) is 


given by the well known convolution integral. 


+ 22 
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The system transfer function С(5) is the Laplace 


transform of o 112 


CA 9 СЕ) Сър (-5 1) (17728 


where $ = = +V O 
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Under the laplace transformation 1.1) becomes: 


EN 221176 (15:23) 


SO that the transfer function G(s) is the ratio of the output 


variable to the input variable. 


NG (1.4) 
Vos) 


(CN = 


` The most general types of linear systems are consisting 
of a finite number of lumped, linear and time-invariant 
elements. The system 15 characterized by an Nth order 
ordinary linear differential equation which results, in most 
general cases, a transfer function G(s) which is a real 
rational polynomial function of the complex variable S. Thus 


we can write G(s) in general as 


| : ма, 
(55) „Рей „баба то o Bens" (1.5) 
- м-і М • 
ECS) 2 сг Un: s ~ ++ Lo 22 2. 
KÒ 


where Pk апа ік аге real numbers so that G(s) is real for 


real s, and the roots of the polynomial P(s) and E(s) must be 
F 


real or occur in conjugate pair. 


Also by proper multiplications G(s) can take the form 





M 
| Po E (520) 
(2-2 : 22 a олы (1.6) 
C 
р UE E) 
Kz Á 


where C is a constant extracted from G(s) such that E(s) and 
P(s) become monic polynomials (leading coefficients equal to 
unity), Szk are the transmission zeros and Snk are the 
natural modes at the system. 
C. FILTERS AS A SPECIAL CLASS OF LINEAR SYSTEMS 

Linear systems can be distinguished into "SPECTRAL 
SHAPING NETWORKS" and "FILTERS." The role of filters is one 
of selecting signals while the role of spectral shaping 
networks is that of modifying the input signal spectrum in an 
arbitrary, but predescribed manner. Specifically, we desire 
that a filter should do as little as possible shaping on 
Signals in its passband; any shaping it is considered a 
distortion of the signal. On the other hand, networks which 
perform pulse forming fall within the spectral shaping 
category. 
D. ACTIVE FILTER FUNDAMENTALS 

The distinction between passive and active filters is 
that the first do not require a power source to perform «һе 


function while the second do. The motivation behind active 
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RC filters lies in the desire to have inductorless filter 
realizations. It is well known that of the three passive 
R,C&L elements, the inductor is the most nonideal one. This 
is especially true at low frequencies, where inductors become 
quite bully and have increased losses or equivalently lower 
Q-factors. 
E. GENERALIZED IMMITTANCE CONVERTOR 

One of the methods of active RC filters design consists 
of simulating the inductances in the LC ladder by active RC 
networks. This simulation can be based on the principle that 


we want to find a one port network having an input impedance. 
211 = sxL 


Various active elements as well as synthesis procedures 
employing them have been proposed [1-9]. A partial list 
includes: 

(1) Negative Impedance Converter (NIC) 
(2) Negative Impedance Inverter (NIV) 
(3) Postive Impedance Converter (PIC) 
(4) Gyrator 

(5) Generalized Impedance Converter (GIC) 
(6) Curent Conveyor (CC),and 

(7) Operational Amplifier (ОА) 

Although the introduction of these elements nas 
stimulated research in the area of active network theory, 


very few elements have made their way to large scale 
19 


production to become available as off-the-shelf items. The 
reason for this is mostly an economic one. For a device to 
become available at low cost, lc has to be used in 
substantially large quantities. It follows that such a 
device has to be versatile enough to be of use in a number of 
applications, of which active filter design is only one. The 
analog circuit design area has found these attributes in the 
IC operational amplifiers (Op. Amp.) 

The IC Op. Amp. is currently the most popular linear 
active element. It is available from a large number of 
manufacturers, at reasonable cost and with good performance 
characteristics. Furthermore, elements engineers have become 
accustomed to the use of Op. Amp. It is therefore, only 
natural that the Op. Amp. is becoming the most popular active 
element in the design of active RC filters, and can be found 


in NIC's, PIC's, GIC's, and other circuit realizations. 
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II. “HEORETICAL ANALYSIS 


A. BIQUADRATIC TRANSFER FUNCTIONS 
The filter as a special class of linear system has a 


transfer function expressed in a polynomial quotient form 





given as 
ү 
> M EA i ў 0 25 
Тое) fn Sieh Ss oth "5 
E N i B 
cde кот. "оа ск (2.1) 
D 
RIO 


where Pk and gk are real numbers to that T(s) is real for s, 
and the roots of the polynomials P(s) and E(s) must either be 
real or occur in conjugate pairs. Also, in general, the 
degree of the numerator (deg.[P(s)] = М) 15 less than or 
equal to the degree of denominator (deg[E(s)] = N) and the 
roots of E(s) are in the open-half S-plane. The E(S) is 
known as the characteristic polynomial or natural mode 
polynomial of the linear system, and the degree of E(s), that 
is N, is the order or degree of the system. 

А general зесопа-огаег transfer function or  "biquad" 


function may be written as 
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where P(s) is the loss-pole, or more appropriately here, the 
transmission-zero polynomial, and E(s) is the natural pole 
polynomial mode as discussed above. It is a usual practice 
to express the denominator in terms of р and Qp, where р 15 
the natural-mode or resonance frequency and Op is the 


natural-mode or quality factor. Thus (2.2) becomes 


| Е Y, SE Pa. S + 2 
(2.34 


Qe 
The numerator coefficients determine the location of the 
transmisSion zeros and hence, the type of filter function the 


biquad provides. Special cases of interest are: 
1. Low Pass (LP) 


For which P1-P2-20, thus two transmission zeros are at 


ТІГІ ТІГЕР 


бо (2.4) 


2. High Pass (HP) 


For which p0=p1=0, thus two transmission zeros are at 


Шшігітпісу, апа 


т јо 7 
(2.5) 


los = 
Sue uS que. 
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3. Вапа-Раѕѕ (ВР) 


For which Po=P2=0,thus one transmission zero is at 


infinity while the other is at the origin, and 





м 
CS) = та (286) 
Е 5 +00 5 
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4. Notch (N) 


For ша. Р1=0 апа the two transmission zeros are at 
РМ 
S=t ¡un Wart Wo (depending if we have low-pass-notch 
HPN 


or high-pass-notch), leading to 


2 Z 
CE lg coe (2527) 
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5. All Pass (AP) 
For which the pair of zeros are at the mirror image 


location of the pair of poles, that is 


mi ол Зэр n 
Ics) = _ Фе 5 < 0р? 
UL 
сага тэ 
Pp 


Pa (2.8) 


Be SENSITIVITY TEFUNCETONS 

A concern about the design of a filter is how close the 
resulting response will be to the ideal or desired function. 
The reason for response deviation from the ideal is the 
finite tolerances of the RC elements, as well as the nonideal 
performance of the active elements. In the latter case, not 
only the gain changes or tolerances have to be considered but 
the effect of the "limited amplifier bandwidth" on the filter 
response must also be evaluated. Although effects of initial 
component tolerances may be "trimmed out" during the initial 
filter alignments or tuning process, a sensitive design will 
deviate from the required specifications as time process, due 
to component variations with temperature, aging, humidity, 
etc. Note also that a sensitive design might be extremely 
difficult to tune in the first place, or the initial 
adjustment will be quite uneconomical. 

The answer to tolerance question can be obtained through 
sensitivity studies. Considerable emphasis has been placed, 


in the active filter literature, on the study of sensitivity 
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functions and relations. some of the most useful and widely 
accepted sensitivity functions are the: 
1. Magnitude Function Deviation 

Assure a filter designed to meet a certain magnitude 
characteristics T(s) or T(j~). One is concerned with the 
deviation in |T(j2)!, that isA!T(jw)| both in passband and in 
stopband. Usually it is desirable to express the expected 
deviation in dB. The deviation D(w) dB in the magnitude 
function may be evaluated as follows. Let the function |T(3:3) | 


enange to тв + ти) )'], then 


р 2. = 90 log | Томо 87001 


шоо 122 (2.9) 
| ТС | 
Or 
Камен 
Шош) = Вов ба| д + QM | (4) 
(2210) 


and for small variability (2.10) can be approximated as, 


Vw) > 6.68 Ши (db) (211) 
Tow) | ' 
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Thus, the deviation in the magnitude response in nepers 
is equal to the per unit variability in the magnitude of the 
transfer function. The problem now reduces to that of 
evaluating the per unit change in !T(jwW)|. This is not an 
easy problem since T(jw) is a function of many elements with 
different tolerances and tolerance statistics. Furthermore, 
the per unit change is function of frequency. 

2. Classical Sensitivity 


Lets recall the definition of the classical 


sensitivity, 5, where y is a variable of interest, usually a 


function of many parameters of which x is one, then 





i cus 4 у) 
Sao ls MlM | 
i ООБУ E 


Note that from the above definition, 5” is the limit to as 


Ох -->0. thus, for small variations, 


( 
С 204814 


A (2.10 
Ax [x 


The usefulness of the classical sensitivity function 


is evident from (2.13). The per unit or percentage change in 


216 


y, due to a given per unit or percentage change in x, can be 


easily obtained by multiplication with S, i.e., 


22) S. din (2014) 


В. Gain Sensitivity Product 


An important consideration in the evaluation of the 
sensitivity of a filter parameter as considered in [2] with 
respect to the closed loop gain is the tolerance on the 
closed loop due to the open loop gain variability. 

Thus, the gain-sensitivity-product, 0.57 is defined 


аз: 
‹ < 
(5. 5. © KS, 201: 


where k is the closed loop gain. We can extend (2.15) to the 


Open loop gain as: 
y x 
бо е доз, (2.16) 


and also we can note that: 
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Y < 
| 6.5, = 65 (21 


and thus then ultimate good is the variability or tolerance 
rather than the sensitivity, the gain-sensitivity product is 


a better index for comparing different designs. 


4. Determining the Variability of the Transfer Function 
Amplitude 


Assure that the active filter has / resistors, 

m capacitors and n amplifiers. Let the amplifier k have an 
open loop gain Aok and, possibly, a closed loop gain Kk. The 
variability of the magnitude function as given by the 


Reference [10] is: 








A | l єг M = 
Мо! - Ээ Ч ==) | 22 сөзі = 
(Тато ех“ ч T c; We 
п. Ji i 
83 66246. (2.18) 
KA 


< at 
Ace, 


Note that each of the sensitivity functions is (2.13) 
1s a function of frequency. In a high order filten 
reallzation, the different sensitivity functions might be 


difficult to evaluate. 
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С. PROPOSED GIC FILTER ANALYSIS 
In order to obtain the transfer functions of the proposed 
programmable filter [13] shown at Fig. (2.1), nodal analysis 
was used as follows: 
(1) The circuit of Fig. (2.1) was replaced by the one of 
Fig. (2.2) in which the two operational 
amplifiers were replaced by the two equivalent dependent 
voltage sources as can be seen, every element (node, 
admittance, voltage source, etc.) was labeled and every 
element was associated to a current direction and a voltage 
polarity. 
(2) The kirchoff current low was written for every node 
except: 
(a) The reference, 
(b) any node connected to the reference by a voltage 
source. 
Node KANG AI 
1 17=-13 22:19) 
2 12=15+16 (2:20) 
3 m 
4 22 
5 14=17+18 (22:21) 


6 == 
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Active Filter Configuration Using the СТС 


30 


21 








ЭЖф-ы- - | 


Р 





тег 


2.2 - The Circuit of 2.1 prepared for Nodal Analysis 


Eig: 


а 


(3) Every admittance current was expressed in terms of 


nodal voltages: 


il = Y1W3-AI (2222) 
i2 = Y2[/3-12] (2.28) 
13 = У3[4/4- | (2.24) 
i4 - YAW 4-v5] (2.25) 
is = у5/2-161 (27259 
i6 = Y6[V2] (2721) 
17 =[У7[У5-76] (2.28) 
i8 -Y8[U5] (2.29) 


(4) The source dependencies were listed expressed in terms 


of nodal voltages, 


А 20150 
Луд = АХ 02-01 | | 


- 2.31 
Аа = А06] сан 
and then (substitute) where necessary. 
(5) А matrix equation having the unknown voltages V3, V4, 
and V5 related with the desired transfer functions T1, T2, 


T3, of the filter was obtained as: 





| я | X5 ; 22117 | T = 
X d PE Y „Na -Y 2 
| (kle 2 3 — WJ | 3 | | © 
| | 
| | 
) Ко: ФС EISE UC V Na Y = | 5% 
Y — j £ t гт чичо На | “ | -5 Чао 
rr А А Ал | Т | 
| | | 
| | 
DCN | | (2.398 
O Y4 -Ү| Bal Us Хеба 


and by substituting ты | м а па ee кои 


in Vin Vin 
the above matrix equation takes the following form: 


EST 11 5 | і Е 1 
Ба гуа” Ч | - го 
E 5 i n | 
| 
| 
A11 Az Ax A Ar A M 


E 2 | 5 Ч СЗ | ЈЕ 
121! E peu 72. > NG -Y5- V, - Vg | | 1: КЕ | 5 
| | 


О Ч, Мала МА 





So the above matrix equation gives the 3 different 
responses of the programmable filter as functions of the Yl, 
e . . Y7 admittances and Al, A2 (Gains) the two Op. Amps. Іп 


ideal case [Al=A2=00] the equation takes the form: 


x. — A = A 
T о | 
Ч! Х5 -\у-\\ E | 
"ve 
(у 0 М2-\5-46 || 12 = | -\5 | 
| i 
| 
X -Ча-Ха в 2 | Во 
j у J 5 Ги | 2222) 





which expressed the different realizations discussed by [31]. 
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Now we can express the above matrix equation for the 
nonideal case in which A1 and A2 are finite and frequency 


dependent ,-Wils №: №215 where Wl and W2 are the Gain 


Bandwidth Products (GBWP) of «Пе Ор. Amps. А1, А2, 


respectively. 


го. 7 ТАКХ ES Г 
fo \5 < N SM т У 

ЕЯ | | 
идат ге 4 ЗЕ O ее 
OR 22 2 \5 ex У же ан (20555 S > ç; 

M õlal | Wi ` | 
E (2.999 

0 Үд Na MIA | 1365) XA 


1. Low Pass (LP) Realization 
Can Бе obtained through T2(s) by substituting 
Y6=Y7=0, and if we consider the ideal case where (Al=A2=00), 


then 
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_ | 22836) 
hos Mi ds Clara) 


Ч, Ха nos T Р {5 “в 


If we further substitute the values of the remaining 
admittances as proposed in [4], that is Ү1-01, Y2=sC2, 


Y3=sC3+G3, Y4=G4, Y5=G5, Y8=G8 then (2.36) takes the form 


(222122) 
Тэ: E, 65 ( ба + бъ) 


Мо ушш ыы eee ме... 
СС4 бъ СзбЪС, 5 Се СаСз 53 


which is the form of a low pass transfer function as 


indicated by (2.4) where 


ЭЭ 


e = (5, 222201 Сэ Сзба (2.38) 


сэр ES О Са (бо 
Cen (2.39) 
and 
или Еј (2.40) 
Cp C3 


2. High Pass (HP) Realization 
This one is obtained through Ti(s) substituting the 


following values of the admittances: Y1=Gl, Y2=G2, Y3=sC3, 
Yr=G4, Y5=0, Y6=G6, Y7=sC7, and Y8=G8, and if we assume ideal 


case (Al=A2-> 00), the 


2 
GEG Gr Gs Собе = 


expresses the H.P. filter of (2.5) where 





во. „буба бе (2.44) 
а 

ET (2.48) 

Gp C+ 
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апа 


e = бэ +4 
TE (22212) 


3. Band Pass (BP) Realization 
This is also derived from Tl(s) by substituting the 
following values of  admittances: Yl-Gl, Y2=G2, Y3=sC3, 
Y4=G4, Y5=0, Y6=G6, Y7=G7, and Y8=sC8, and if we assume ideal 


case (Al=A2-->00), then 


MED = sC563 (62:66) ' 


< (2.45) 
б\ба бе +$ 626 +С> + Са Св 6257 


which is the form of a BP transfer function as given by (2.5) 


where 





- | (2.46) 
С Са Св 
(Op G4 
в (2.47) 
Sp Са 
ond 
CC 
p- GrG) | (2.48) 


Са 62 


37 


4. Notch (N) Realization 
T2(s) expressed the Notch response if the following 
substitutions have been made. Ү1=61, Y2=G2, Y3=sC3, Y4=G4, 


Y6=0, Y5=G5, Y7=sC7, Y8=G8, and again assuming ideal case 
(Al=A2-->00), 


| < < CsC+Ga r& 65 ( Ga + Ge) 


x: (2.49) 
© EE (58 + Саб» бе S + G, С+ 65 


which is the form of a N transfer function as defined by 


(2.7) where 


Wa? - G, Gs (Ga t G< A 
СЗ Са ба. 2-19 


(оу НЕ б. Ga (55 





р (2.51) 
єг 
and 
69 (2.54 
22 25 


5. All Pass (AP) Realization 


This is derived from Т1(5) with the following 


admittances substitutions. Ү1-01, Y2=G2, Y3=sC3, Y4=G4, 
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Y5=G5, Y6=0, Y7=sC7 and Y8=G8, and if once more we assume 


ideal case, then 


ies) 5 СаСтба-5Сзб5бе 6 бабо. (253) 


ее 


which is the response of an All Pass filter as (2.8) 


indicates where: 








WP Ga 
28 = 22 C Кет поптагатип whose) (2454) 
Ard 
(92 Е С. Ga ( m. ) 
Ca E (2:55) 


Table 2.1 shows all the realizations proposed Бу 
EU. In our research for designing а programmable filter 
the No. 1, 3, 7, 9, and 12 realizations were used since they 
offer the minimum admittance elements.change to shift from 
one to another. 
D. SENSITIVITY ANALYSIS 
Consider the CGIC circuit shown in Figure (2.2(a)) [12]. 


Assuming ideal Op. Amps., the chain matrix of the CGIC can be 


obtained as 
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> 

t4 

> 
ы 


—о—‹х — 
Ч| 0-5 — 





Fig; 2.3 (а) тне CGIC Implimentation Using 
Op. Amps. 
(b) Symbolic Representation of the 
CGIC with created ports 3G апа 4с 
(c) The Basic Confirguration. 
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Table 2.1 - Elements identification for 
Realizing the Most Commonly Used Transfer Fuctions 
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_ | 4 © 
La 1 | (2.50) 
О hos) 


where h(s), the admittance conversion function, is given by: 


ht) s da Na Ia Na (2.579 


Two new ports can be created across terminals 3G and 4G 


as shown symbolically in Fig. (2.3 (b)). 
A synthesis procedure is now described which uses the 


configuration. of «Erg WM 2 EE The transfer functions 


between the input and output terminals 2, 3, and 4 are 


readily obtained as 


ac TUE о E te 1v2% 1/ Dcs) (2.38) 
ЛА = ла 3 5а а) ve на chico Ос (2.59) 
Val Vi a 2022-1022 (2.60) 
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where 


507222022 (2261) 


The conversion function h(s) and Y5-Y8 can be selected in 
many different ways and it is found that any second-order 
transfer function can be realized [12]. 
Letting 

1220700 


where i-1, 2, 3, or 4, we have from (2.57) 


Ie cd c ESSE NE 700567 


Clearly by omitting one or more conductances) and/or 
capacitances a number of specific conversion functions can be 
generated. 

Most frequently, filters are designed by using 
Butterworth, Chebychev, Bessel or elliptic approximations in 
which the transmission zeros are located at the эы 


imaginary axis or at infinity. Consequently, the transfer 
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function can be expressed as a product of a second-order 


transfer functions ofthe ток 


^ 2 
poe Om LE (2.63) 


ba с b 4 < + Бо 


where al=a2=0, ao=al=0, ao=a2=0 or al=0 for low pass (LP), 
high pass (HP), band pass (ВР) or notch (N) section, 
respectively. 

The coefficients ai's of T(s) for these sections are all 
positive. These sections can be realized by choosing h(s) in 
a Simple manner such as Кв, Ко5, k,s^k,s or their 
reciprocals. The different ki's (i=1, 2, 3, or 4) are 
positive constants. By comparing (2.58-2.61) with (295599 
circuits 1-10 in Table 2.1 can be obtained. Circuits 3, 4 
and 7 can be regarded as realizations of simple RLC networks 
8р: 

All pass transfer functions are often needed for delay 
equalization and these can be realized by using second-order 
transfer functions of the type give by (2.63) where a2z2b25 
al=bl, and ao-bo. Second-order sections of this class can be 
obtained from circuits 11 and 12 of Table 2.1. 

Figures (2.3(a)), (2.3(b)), and Table 2.1 show that with 
the exception of circuit 10, the response is obtained from 


the output of an operational amplifier.  Owing to the low 
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output resistance of the amplifier, any number of sections 
can be cascaded without isolating amplifiers. 

An important criterion of а realization is its 
sensitivity to element variations. The pole Q factor and the 
undamped frequency of oscillation from the transfer function 


of (2.63) are defined as 
Ср. Бери еи 05 | eol ba (2.64) 


For a Notch section, the Notch frequency is defined by 


ts 
Wa = Calar (2.65) 
and the multiplier constant can be taken to be 


Е ow Dalba (2.66) 


for ®n>wWp or wn<odp, respectively. 


Similarly for the LP, HP, and BP sections 


Н: ә. Do los ) Hu 2-02lb2 and Це? - Alb (ОШО) 
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For an All Pass Section, let 


(ав од Ма 
С)» „Чо 02) , WMal0olQ2) ора Мар - Oz! 02 
1 


а (2.691 


The sensitivity of a quantity х with respect to 


variations in an element e is given by 


S.L de 
НА ^ De, 





For ideal amplifiers, the use of (2.64)-(2.68) and Table 


(2.1) leads to 


4 
454 «^ (2.69) 


where x represents any one of the quantities defined Бу 
(2.64)-(2.68) and e represents any capacitance of 


conductance. In addition, it can be shown that 


— 
© 
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апа 
Z.18e |=3ISe*)= 4 (2.70) 


For amplifiers with a finite open-loop gain A, according 


to [31] the circuit of (Fig. 1(с)) gives 


\ | TS 
el, = NRPS de (2272) 


where k-2, 3, 4, and 
DV — - о м | N 
Des) z TA. V& «12 X3 & Ca P0 (i62 Ch eda a ҺА, 


222212) 


-4 = Os Da 


r> = (41-8) /\А 
Consider realizations in which h(s) = kls, such as the 


\ КӘ 


circuits 7(BP), 3(HP), 9, 10(N), where 
Nue е ‚ 05 (52, 1 (съ, Ма - Gà, Х5. (55, ХС 6611: Ss d Qud 


Че 5СБ «СВ 
(2-539 
For real amplifier gains such that 
АА-А вм! Ко Үү: 
1 12) а1уез ы 
о Е. T 
(22: 
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From (2.64), (2.73), and (2.74), the Q-factor and the 


undamped frequency of oscillation can be obtained as 


1! 5 
Op, > бу) 12 = j їр Х. ба n / 2 СЗ 





> ` 
Са Т Gs REM 
| > (251 
Эра = wp) CUN Ie 12 ы 
*i Ao COEM 
where 


Op = $ Ces Ge) (Cr Ce) Ga] Corre Ver Gs t 


Сор = 7 C иа а | (Ca „Се (С 2 2 


Уо 
GEN 
(2.76) 
A 2s (3-69 )1G« 


с г 
іа 242. 


The sensitivities of Qpa and 


pa with respect to the 
amplification Ao can be written 





as 

Су Е 

оче Гама ам 26 5 7, 

^e Uo 20207 

2:11 

ца | (2.79) 
Э2 25 D | 

° 5 --- - — 

2 Ад "A 4 


The use of (2.77) and (2.78) leads to 


Qoa. 
SN 


шин! < - O lx 
а kG OTG a y UU 


ХА 








(2.78) 


A O 
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by assuming that 
E Ж, 2 ЕА Р. 1 
(1) Ay «27 (441) +265 к.) (22:79) 


Eq.(2.78) reduces to 


Ore CQ 27 Ж 
de B Зе әр ха 20 E нета ) ~ (4 2140 
Ys | 


(2:80) 


«Фра 


2 


Straight forward differentiation shows that is minimum 


when 


/ y A 
Хан 4 12275425 iO, (2.81) 


From (2.79) and (2.81) the analysis is valid provided 


that ДО) + АКА. ПОСЕ ВОТ е СЦ У ая n 
practice. 
From (2.80) and (2.81) the minimum sensitivity to 


variations in Ao is derived as 


O; 
би : 40» ЈА, (2.82) 
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The corresponding value of ST 15 given by 
О 


> EM (2.83) 
Ap 





LP realizations as circuits 1 and 2 can be obtained by using 
a conversion function of the form or its reciprocals. The 


admittances Yl to Y8 are chosen as 


ТЕ ‚ \2- 2, {з 55115 +53, ле СА. \5-55 


, Xe» Y?^«O „Ма. ба "USE 


=ч 


in order to obtain a conversion function of the form (ss + kat 


Now Ọpa and pa are obtained as 


Лаг 


Cove сл ХА 1 (144 lig s hs f 
Se "E á P - 





(2.55) 
А + (4+Gal¢ 200 (223 Ко «(Gali (365 | еа Ao) 
xD Б c , | i ш 
реа бор (ие сви Су la D/A У шд мал lov (2.86) 
С 2 2 1. ` 12 | 
е $ (Cs CT | ( (263 бә) } [ 
(2200: 


= (Glas) | Со в) ^ 
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The sensitivity of Qpa with respect to variations in Ao 


can be minimized following the approach used earlier. It is 


found that for minimum sensitivity[31] 


Ga:Ge , Gi: Qe Gs (2.88) 


The minimum value of SERA can be shown to be 


Ga. | 
Sr - AQ (2.89) 


and the corresponding value of Es given by 


Ge (2.90) 


The above sensitivity analysis сап Бе extended to 
realizations using any other type of conversion function 
кз ЕТ 

Equation (2.69) shows that the sensitivities to passive 
element variations are independent of the selectivity. 
Furthermore, the sensitivities with respect to variations in 


the amplifier gain are low. The proposed realizations are 
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seen to have similar sensitivity properties as the low 
sensitivity realizations reported in [21-27]. 
Е. SLAB. Pix 

It has been shown elsewhere [20] that some networks using 
GIC's can be conditionally stable where a circuit can lock in 
an unstable mode during activation (just after switching on 
the power supply). In this section the stability properties 
of the configuration show in Fig. (2.2(c)) are examined. 

The natural frequencies of the circuit in Fig.(2.3(c)) 
are the zeros of the characteristic polynomial D9s) as given 
by (2.72). The differential open-loop gain of a frequency 


compensated Op. Amp., in a bounded frequency range состо. < 
i 
A= SEE | Den 


where Ao and wc are the d.c. gain and the cutoff frequency 
respectively, and A . In the frequency range 

<< c the amplifier gains Al and A2 can be assumed to Бе 
real. For any second-order transfer function the coefficients 
of D(s) are seen to remain positive for any attainable pair 
Of Al and A2. this is due to the absence of negative terms 
in Dis Therefore, the zeros of D(s) will remain the 
left-half s-plane and low frequency unstable modes cannot 


arise during activation. 
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III.  PROGRAMMABLE GIC FILTER 


A. GENERAL 

Signal processing devices evolved considerably over the 
last several years. The progress was motivated by the 
advancement in film and semiconductor technologies, as well 
as the continuous upgrading of systems specifications to take 
advantage of the available technologies to the limits. 

Linear filtering finds many applications, such as speech 
processing (recognition or synthesis), geology, 
instrumentation, communications, process control, adapting 
balancing, etc. There has been much emphasis on performing 
the filter function digitally, largely because of the ease of 
varying and optimizing the transfer. However, and for many 
reasons, such as cast size signal processing complexity, and 
bandwidth, it would be desirable to perform the filter 
function with linear components, yet retain the flexibility 
of varying the filter parameters digitally. 

Recently, several advantages ОЁ combining linear 
components (amplifiers and capacitors) and nonlinear elements 
(switches) have been demonstrated using MOS switched 
capacitor techniques [31, 32]. Here, we are presenting the 
results of realizing a continuous active device using linear 
elements and switches controlled by digital signals to 


achieve fully programmable filters. 
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Оцг research addressed two different aspects ФЕ 
programmability namely; 
(1) Programming the filter topology using a minimal set of 
elements to obtain any type of filtering function desired, 
e.g., LP, HP, BP, N and AF. 
(2) Programming the filter's transfer function parameters, 
(pole resonant frequency wp and quality factor Qp) for a 
chosen type of filtering function. 
B. THE PROPOSED GIC PROGRAMMABLE FILTER 
The basic active network considered as the heart of the 
GIC programmable filter is the GIC structure [31] of 
Fig.(3.1), whose superior performance was established in the 
literature [10,32]. The filter transfer function was derived 
using loop analysis in Chapter II. 
Table (3.1), illustrates that for any of the LP, HP, BP, 
N and AP realizations, five resistors, two capacitors and two 
Op. Amps., are required. also, the transfer function of each 
realization is shown. The passive elements are connected to 
the different nodes, shown in fig.(3.2), for the different 
realizations. A set of MOS bilateral switches controlled by 
a digital binary word, are used to interchange the elements 
to achieve the different types of filter realization shown in 
Fig. (33). The truth table of the switeh. control... logic = 
shown in Table (3.2). Fig.(3.3(a)) illustrates the СМО5 
logical circuit for realizing this truth table. While roue 


of the resistors are equal and of value R each, the fifth 
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where T(s) = N(s)/D(s) and D(s) = 52 + (Мр/Ор)5 + си 


TABLE 3.1. — Тпе Elements Identification for Different 
Realizations of the GIC Filter 





Schematic Diagram of the Programmable GIC 
Filter Showing the Controlled Nodes 
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TABLE 3.2 -The Truth Table of the Switches Logic Used to 
Select the Filtering Function . 
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Fig. 3.3а The CMOS Logic Diagram Used to Control the 
~. Analog CMOS Switches of Fig. and to 
Realize the Truth Table š 
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resistor is the Qp determining resistor and of value 
Rg=ROp. Тһе two capacitors are equal and of value C-1/WpR. 
each. The two equal banks of capacitors are used to control 
BD. Each bank contains n binary weighted capacitors 
connected in series through analog CMOS switches as shown in 
ШОШО (3.5). Using a digital binary word of n bits to control 
Wp, 2! different values of C will result at the 2 terminals 
of both capacitors banks that correspond to 2! different 
values of р. Using a similar technique the value of Rq can 
be controlled through a bank of m binary weighted resistors 
in series, though analog CMOS switches as shown in Fig.(3.6). 
Using a digital binary word of m bits to control Ор, 2! 
different values of Rq can be achieved that correspond to 22 
different values of Qp. Thus, full independent control of 
the pole pair Wp and Ор are achieved by programming the 
switches to obtain the corresponding C and Rp. It can be 
easily shown that with minor modifications, an additional 
programmable element can be added for the control of the 
notch frequency. 
C. THE REALIZED GIC PROGRAMMABLE FILTER 

A complete circuit diagram of the constructed GIC filter 
1$ shown in Fig.(3.4). The values ОЁ т апа п were selected 
to m=n=4. Thus, 15 different values of op (fp) and Qp were 
obtained as it is illustrated at the corresponding Table 
(3.3) and (3.4). the (designed) banks of the resistors for 
the control of Op and the capacitors for the control of Wp 
(fp) along with their control switches are shown 


Correspondingly in Fig.(3.7) and Fig.(3.8). 
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switch 
control 


15.709 
13.887 
12875 
11.810 
10.856 


10.043 


9.047 


6.650 
96637 
4.823 
390028 
2.805 
1.810 


1995 





Table 3.3 The four - bit words that control 
Fp and the corresponding capacitor 
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switch Rq ap 
control 





Table 5.4 The four - bit words that control 
Rp and Qp 
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IV. COMPUTER SIMULATION OF THE PROGRAMMABLE FILTER 


A. INTRODUCTION 

In order to observe the theoretical responses of the 
different realizations as well as to compare them with the 
experimental measurements, two computer programs were written 
in Fortran. those programs are shown in Appendices A and B. 
The first one simulates the programmable filter's responses 
Т1(5), T2(s) and T3(s) as functions of the network's 
admittances Yi, i=1 . . .8, and the "constant" Op.Amps. gains 


Al and A2. A realistic value of A2=A2=10> 


was given to the 
above gains corresponding to 741 Op. Amps. used in the 
experiment. the second program simulates the programmable 
filter's responses Tl(s), T2(s) and T3(s) as functions of the 
network's admittances Yi, i=l . . . 8 and the frequency 
dependent Op. Amps. gains Al and A2. In this second case a 
single pole approximation value of wils was assigned for 
Ai(i=1, 2). Where, Wi is the GBWP of the Op. Amps. used, a 
value of WI=W2=21 x10° was given to the above Wi(i-1, 2) 
corresponding to 741 Op. Amps. used throughout the research. 
To be able to compare the computer simulation results 
with the experimental ones obtained, the same values of 
admittances were used as input data. That means that the 


same values of R, Rq and C according to Chapters III and V 


were used. With the value of R selected to be 1.6k Table 
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(4.1) illustrates the different values of Rqs used in the 
simulation to realize the different values of Qp and Table 
(4.2) illustrates the different values of capacitors used in 
the simulation to realize the different frequencies Wps. 

The "DO CASE I" command of Fortran simulated the digital 
logic (including the control switches) used to realize the 
different responses of the programmable filter that is LP, 
HP, BP, N and AP. The frequency's (wp) translations and the 
different QP values were simulated by changing the values of 
Rq and Cs at every run of the program. 

The above programs also simulated the transfer function 
of two cascaded GIC programmable filters as it will be 
discussed later in Chapter VI. Each of the filters could 
have been at different realization (as well as at different 

p and Qp) relative to the other one. The 25 possible 
combinations of transfer function realizations are shown in 
Table 4.3. | 
B. SIMULATION RESPONSE(S) 

1. Low Pass (LP) Realization 

Using the elements values prescribed in Table (3.1) 


yields the following L.P. transfer function: 


12653 = 2 456 





(4.1) 
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For R=1.6k®2 





Where op = Rg 


Table 4.1 - The Resulting Op Values for the Different 
Introduced Rg Values in the Computer 
Simulation. 
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For R-1.6ke 





Table 4.2 - The Resulting Wp Values for the Different 
Introduced C Value (R constant 1.6k9 


12 


ej 


БОТГО 77 FILTER 2 J 


LP 0 2 2 
"НР | | НЕ 1 1 
(ВР, ВР 4 + 
N N 3 3 
ЛЕ 272 3. 3 
Ер НР 2 1 
ЇР 8Г 2 ü 
L P N 2 3 
ЇР А2 2 3 
ИР EE 1 2 
— ME ВЕ 1 4 
НР N 1 3 
нг A? 1 3 
BP | 4 2 
ӘР ПР 4 1 
B p N q 3 
ВР АР u 3 
N p 3 2 
М БЕ 3 1 
ч ВР 3 Ч 
N АР S 3 
АР LP d 2 
АР ИР 3 1 
АР ВР j Ц 
АР N 3 J 
вю 4) = The 25 Possible Combinations of 


Transfer Function Realizations 
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This transfer function assumes the following complex 


value 
12( уе) = -2) Qp (4.2) 


with magnitude of 


| без | = 240 : 20log 12091 ,3b (4222 


Fig. 4.1 illustrates the theoretical "ideal" LPF 
magnitude response for fp=3.8Khz and for 3 different values 
of Op. The simulation results match the equations of (4.2). 

Fig. 4.2 illustrates the theoretical "ideal" LPF 
magnitude response for Qp=2 and for 3 different values of up. 
the Op. Amps. gains Ai, (1=1, 2) are freguency depended. 
This dependance affects the magnitude of the filter and 
causes a frequency shift from the theoretical value of the 
ideal's case.  Figs.(4.3) and (4.4) illustrates the ideal vs. 
nonideal theoretical LPF amplitude responses. 

Data extracted from  Figs.(4.23) and (4.4) are 


illustrated in Tables (4.4(a)) and (4.4(b)) simultaneously. 
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Data From Fig: (4:4) LPE Characteristic 





Ideal Nonideal x 
Ор (5) ка Ор rA Sn | 

at piék value ке at pick value! 
707 СЕО | 
220 2-0 | 
420 8221 | 
7.0 2221 | 





Тһе pick values obtained 
at fpick - 7.9k 





The pick values obtained 
at fpick = 7.9k 











(b) 
| | 
Ideal | С Nonideal | 
| Ер Amp. Response nf | fp Amp.Response 
khz dB khz | ав 
: | 
1990.45 12204 50 1990.45 12:02 
7165.60 12.24 2725 8359.87 140 113 
28662.42 12:38 6.6 25875.80 12.04 
109745.50 22251 0.085 90565700 11 08 


Table 4.4 - Data from Figs. (4.3) and (4.4) indicating 
the Affect of Frequency Dependency of 
Ai, i-1, 2 
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2. High Pass (HP) Realization 


Using the elements value shown in Table (3.1) yields 


the following HP transfer function: 


ы 2 | 
hens a a S (4.4) 
> бор 


эк лл „фр? 
Qp 
takes the following complex value at wp. 
ТЦ) < 2) Ов (4.5) 
which magnitude is 


| та (Соб) |- 2002 = “О со, С2 Ор? , 46 (4.6) 


Fig. (4.5) illustrates the theoretical "ideal" HPF 
amplitude response for fp-3.8KH2 and for 3 different values 
ОБИ Ор. The computer simulation results match that of the 
(4.6) relation. 

Fig. (4.6) illustrates the theoretical "ideal" HPF 
amplitude response for Q-2 and for 3 different frequencies. 

Fig. (4.7) illustrates how this dependency effects 


the amplitude of the HP filter. (The amplitude decreases as 
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Fig. 4.6 - "Ideal" HPF Amplitude Response. 
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the frequency increases) while Figs. (212241 апа (4.9) 
illustrate the frequency shift of the amplitude response due 
to that dependency. 
From the date of Fig. (4.8), Table (4.5) were 
constructed. 
3. Band Pass (BP) Realization 
Using element values from Table 3.1 the following BP 


transfer function is achieved: 


We 
т ww | 
\ 15) = Mas) (4.7) 
с Ж О. 
Ор do 
takes the following value at wp. 
A (4.8) 
which has constant magnitude of 6dB 
Тер) |= 2. = 201092 = баъ (4.9) 
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Table 4.5 - Data Illustrating the Ideal 
Responses of the HPF 
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Fig. (4.10) illustrates the theoretical BPF magnitude 
response for fp-3.83 KHZ for different values of Qp. These 
agree with the (4.9) equation since as it is indicated by the 
simulation plot the amplitude is constant and independent of 
Qp. 

Fig. (4.11) illustrates the above concept but at 
fp=15.1KHZ. 

Fig. (4.12) and (4.13) illustrate the theoretical 
"ideal" BPF amplitude response for Qp-2 and for different 
values of р. As it is indicated from Fig. (4.13) the 
amplitude remain constant even at very high frequencies (10 
H2). But with Ai, (1=1, 2) depending on frequency the 
amplitude decreases as the frequency increases. This is 
indicated in Figs. (4.14) and (4.15) which describe the BPF 
amplitude response plots for Q=4 and Q=1 respectively and for 
different frequencies. The frequency dependence of Ai, (i=l, 
2) creates a frequency shift from the ideal theoretical value 
which is indicated in Figs. (4.16) and (4.17). Table (4.6) 
illustrates the data extracted from figs. (4.16) and (4.17). 

4. Notch (N) Realization 
Using the admittances value of Table (3.1), the 


following Notch transfer function can be achieved: 


(4.10) 
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Fig. 4.12 - "deal BPF Amplitude Response. 


Ө 


7.0 


4.0 


1.0 


AMPLITUDE DB 
-8.0 


-8.0 


-11.0 


1 


B.P.F AMPLITUDE RESPONSE(Q=4) 


0 11011101110 ын. 0 10" 1104 10" 


10 [10 
QUEN? 


Fig. 4.13 - "Ideal BPF Amplitude Response. 


92 


AMPLITUDE DB 
3.0 4.0 


1.0 


B.P.F AMPLITUDE RESPONSE(Q=4) 


F 
F 


s 





140 С 10 10 


REQUENCY HZ 


Fig. 4.14 - Nonideal PBF Amplitude Response. 
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Fig. 4.15 - Nonideal BPF Amplitude Response. 


94 


B.P.F AMPLITUDE RESPONSE(Q=4) 


da AANLITANV 


08 





Ideal 


nonideal 


Nonideal BPF Amplitude 


Ideal vs. 


4.16 


Big. 


Response. 


95 


(F=16K) 


B.P.F AMPLITUDE RESPONSE 


“еееееогФтессоеоееееееееаеоесегегеееәтееегеееве 





"әезезееесеесезее» есеееесегеоеееесосеое-есесо»оетеоеоеезеееооеееетоееееге фе 


= 
© 


өөс. ооо ооо оо соо ооо оохе 


тесееесегссеееесеееессееее 


фо ооо оф ооо ооо ооо ооо оо еа 


07 









eoe тэгээ 2 етеесеееееееегесееееегоЖеесеезе 


1 
` 
, 
, 
1 
1 
1 
1 
1 
"OCT 
\ 





-еесееесеесоееесееееесееееееееееоегееееесееоееоеееееевессе 


0% 
яа яаппайу 





amm 








===> vt 


! 

1 
! 
1 
1 


m g: пи relie e eig 9959. РРА PE 
! 
% 
% 
' 





Ldeal 


Ideal 
noni 


-ееееееесевесоееееоеееееоеееоеесоесетоаееегеееоесее Бо ~ нис 


e 
10 


074 00 


Nonideal BPF Amplitude 


4.17 - Ideal vs. 


Би 


Response. 


96 





Ideal | C Nonideal Қ 

| 

fp Amp. Response TAHE Ер Апр. Кевропве: 

khz dB khz dB | 

| 

| | 

7,961.78 6722 | 1245 7,969.738 5.958 | 
80, 254.78 6.02 | 323 28,662.42 5275 

115,445.80 5.97 | 0.85 | 95,541.38 4.92 | 

| | 

апа | 

| 


Таеа1 | ка | Моп14еа1 | 


Ор Мах. | К | Ор Мах. 


Amp. Response | Amp. Response 
dB | dB 


4 6.01 | 6.4 4 5.902 

8 6.01 Ас 8 SMS 

20 5.95 32.0 20 SSE 
Бр = По оп. зана fp, = 14,739.29Hz 


Table 4.6 - Data Indicating the Ideal vs. the Nonideal 
Responses of the BPF Realization 
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4.18 - Ideal Notch Amplitude Response. 
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4.19 - Ideal Notch Amplitude Response. 
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Таеа1 


nonideal 


Nonideal Amplitude Response. 


Ideal vs. 


4.20 


Pig: 


TOG 


where n is the Notch frequency. 


АС P the transfer function takes the value 


2 2 
q) оти ШЕЛІ) 
IB 
Фр 
Fig.(4.18) illustrates the "ideal" theoretical Notch 
filter amplitude response for a variety of frequencies and 
constant Ор(0=2), while Fig.(4.19) for a variety of Ops and 
for constant p (fp=3.83KHZ). 
Fig. (4.20) illustrates the effect of the frequency 
dependency of Ai, (i=1, 2) on the response. 
5. All Pass (AP) Realization 
As proposed in Table (3.1) using the same admittances 
values as Notch. An All Pass transfer function can be 


derived as 


Е DM es 
22 2222-0222 MES (4.12) 


YOT 


which takes the following values 


OL Ee NE A 4 <0 4b [5 GoY > Ecc 


0) ~ со, | Tajo) -»2 = 646, (io) y e 
(4.18) 


The above agree with the computer simulation results 


of Bigs. (4.21) апа (4.22). 
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4.21 - Ideal vs. Nonideal APF Amplitude 
Response. 
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Fig. 4.22 - Ideal vs. Nonideal Phase Response. 
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V. REALIZATION OF PROGRAMMABLE GIC FILTER 


A.  EXPERIMENTAL RESULTS 
А преки сре circuit of "bags. wWNEEWO).ISNS.9) (3.8). (3.7), 
was constructed a variety of measurements were taken in order 
to study the response of the network to the different inputs 
(control bitwords). To observe the affect of the control 
switches which introduce a resistance of 80 each at CLOSED 
position, two values of Rs, Rd, and Cs were used with one 
decade difference in magnitude. That means that R was given 
the values of 1.6K (as discussed in Chapter III) and 16K, the 
four resistors that consisted the Rq bank were of values 
(1.6K, 3.2K, 6.4K, 12.8K) іп «Пе first case and (16K, 32K, 
64K and 128K) in the second one, and that the capacitor 
bank's capacitors were chosen of values (100nF, 50nF, 12, 
SnF, linF) and (10nF, SnF, 1.2nF, O.lnF) accordingly, to be 
able to keep the range of frequencies as much the same as 

possible for both cases. 

1. Low Pass Filter 
With the topology-control bit word 000 the network 
realized a LPF response. Fig. 5.1(a) illustrates the LP 
response for R=1.6K% to a variety of frequencies for (0-5 
while 5.1(b) illustrates the same but for Q=2. It can be 


observed from 5.1(а) (9055) that the amplitude response 
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Rq-8.0k) 
Rq-3.2k) 


decreases while the frequency increases as it was expected 
from computer simulation. This is occurred up to the 
frequency of 6KHZ; then it started increasing with the 
frequency, while at Fig. (5.1(b)) (Q2) it remained constant. 
Fig. (5.2) illustrates (for R=16KHZ) that the observation in 
Fig (5.1) is not any more the case (for that frequency range) 
and the network responses the same as in computer simulation 
while in Fig. (5.3) (055) the above can be noticed again. 
this is due to the interference of the control switches as it 
was discussed previously. Figs. (5.4) and (5.5) illustrate a 
variation of Q values for f=9KHZ for the two cases (R=1.6k 
and R=16K ) respectively. A difference in magnitude can be 
observed due to the interference of the control switches. 
Figs. (5.6) and (5.7) illustrate the same but for F=12.8KHZ. 
Figs. (5.8) and (5.9) illustrate the phase and amplitude 
response of the LPf. 
2. High Pass (HP) Realization 

With the topology-control bitword 001, the network 
realized a high pass filter. BUGS 59] amd f (5s 1) 
illustrate the HPF amplitude response for a variety of 
frequencies and (0452). It can be observed (as in LPF 
realization) that for this frequency range and for R-1.6K- 
the amplitude starts increasing as the frequency increases, 
decreases then again while for R=16Kt this does not occur. 
the same observation submerges comparing Fig.(5.14) and 


(5.15). Figs. (5.12) and (5.13) are the plots obtained for 
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Fig. 5.8 - LPF Amplitude/Phase Response. 
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Fig. 5.14 - HPB Amplitude Response 
(R=1.6k), Q=5 
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Fig. 5.15 - HPB Amplitude Response 
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f=6.65KHZ and a variety of Qs for R=1.6K® and R=16K@ , 
respectively. a difference of about 12dB in amplitude 
appears. Finally, figs (5.16), (5.17), (5.18) TE TEP 
illustrate the phase and amplitude responses of the HP 
realization. 

3. Band Pass (BP) Realization 

The 010 topology-control bitword realizes the Band 
Pass Filter. Figs. (5.20) and (5.21) illustrates mEn: 
amplitude response for set of frequencies and 05-10. At both 
cases the amplitude decreases while the frequency increases 
until the value of 9KHZ. Then starts increasing again. It 
can be also observed that for R=1.6K the frequency deviation 
from the theoretical fp is larger. 

Figs. (5.22) and (5.23) illustrate the amplitude 
response again, but for 0=1. This time the deviations from 
the theoretical response (both of amplitude fluctuations and 
frequency shift) are less. 

Figs. (5.24), (5.25), (5.26), and (5.27) arema 
sete of the amplitude response but for variation of Q. А 
difference of approximately 148 appears for the lowest 
frequency (3.8KHZ) and of 0.5dB for the higher (9KHZ), 
Finally, Figs. (5:28) (5232) illustrate the phase and 
amplitude of the BPF response. 

4. Notch (N) Filter Realization 
With the topology-control bitword 011, a Notch filter 


realization can be achieved. Figs. (5.33) and (5729 
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Fig. 5.16 - HPF Amplitude/Phase Response 
(0-1) 


1:22 





1-4 | 
lil | 


MTS 

p^ 
E 
LS 
|7 
Ша 
ЕЕ 
Б 
NC 

Hz 


Сэ 


ЕЕ 


ЕСТ 
ЕСТ 
ѓ 
? 
/ 
Hz 
5 


.. 

би 

7... 

=. 

ru ы” SC 
es А. ES ~ 





Phase 
Amplitude 


| 
2 


0.5) 


5.17 - HBF Amplitude/Phase Response 
(Q 


о 


124 


е: 
O 


um 
ње. 


нм 
Н 


Т 
ТН: 


: КЕТ / 
O ИН: 


ecc 


ЕР Е 
ЕР Е 


vost 





TA TEE ET 


ШЕШШ Та 


! 
БРАТЕ 4 |: 


1 1 


Hz 


Hz 
5 


. „~ 
SEAT MER 


Uc 


EM: 


Ка 
< 


Ü H 


МЕР: 





сова 


= 


Phase 
Amplitude 


L: 
2 


5.18 - HPF Phase/Amplitude Response 


Prg. 


(0-2) 


1205 


КОЕ СИНЕ Зя КӘНЕ ШЕ 
ree ве CENTER Јао 





1. Phase 
2. Amplitude 


Fig. 5.19 - HPF Amplitude Response (0=2) 
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Fig. 5.23 - BPF Amplitude Response 
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5.26 - BPF Amplitude Response 
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Fig. 5.32 - BPF Phase/Amplitude Response 
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illustrate the amplitude response for different frequencies 
and for Q-4, while Figs. (5.35) and (5.36) illustrate the 
amplitude response for f=1KHZ and a variety of Qs. Fig. 
(5.37) illustrate the phase response in addition to the 
amplitude one. 

5. All Pass (AP) Realization 

The topology-control bitword 100 realizes the 

All-Pass filter. Figs (5.38), (5.39) and (5.40) illustrate 
the plotted amplitude and phase responses. 
B. CONCLUSION 

The constructed circuit performed as predicted by the 
theoretical analysis and the computer simulations. This 
means that it realized all the desired filtering transfer 
functions LP, HP, BP, N, and AP. The effect of interference 
of the control switches nonideal performances which is more 
severe at high Qps can be minimized by increasing the values 
of R (meaning that the values of Rq also increases and the 


values of Cs decreases). 
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5.36 - Notch Amplitude Response 
(R=1.6k), f=0.99khz 


144 


р А оа 


--Г-- =—-:—-— 








ee 
c 
ІК | 
НЫ 
| 
| EU) 


000 
| 
00 > ко 
ooo 


Pig. 5.37 - Notch Amplitude Response 
ЕО ЕВЕ ОИЕ 


145 


soonä (did. 1 


ав дъ И 


| 
—— жы. 
$ 





1 О 4 
210 — о 
3 О 1 


Fig. 5.38 - APF Amplitude Response 
(R=1.6k), f=2.8khz 
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Fig. 5.39 - APF Amplitude Response 
(8-1,6К) for £=0.99khz, 
Г-1:99К та тэ 20010112 
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УТ. COMBINING HIGHER ORDER SECTIONS 


By cascading two or more programmable filters, higher 


order transfer functions can be obtained. Ела. (6.1) 


illustrates two cascaded GIC programmable filters. 


AI . 
IPC. ја 





Fig. (6.1) Two Cascaded GIC Programmable Filters. 
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25 different combinations of the two individual transfer 
functions Ti(s) and Tj(s) can obtained as it is indicated in 
maple (4.3). 

For Lp-LP combination and for ideal theoretical case 


(A1=A2-->00) a fourth order low pass filter can be obtained 


with transfer function: 
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The computer simulation of the fourth order transfer 
function of a nonideal theoretical filter vs. the second 
order case is illustrated at Fig. (6.2). The experimental 
results taken from the properly designed and built circuit as 
illustrated in Fig. (6.3) are shown in Fig. (6.4). 

Using the same procedure as above a fourth order HP-HP 


combination for the ideal theoretical response is given by 





<4 
ies) ај (6.2% 
KS: erst 
Сор 
which at Wp takes the complex value of 
ст и 
Г (490) = – 4460, (6 > 
with magnitude of 
= : š i 2 
KEDE A Qo : 401o9 (289) db (6.4) 
Вас (6:5) illustrates the fourth order  nonideal 


theoretical HP filter response vs. the second order one. 
Both at Qp=2 and fp=8KHZ, while fig. (6.6) illustrates the 


experimental responses. Рог Ор=2 according to (6.4) and 
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(2.4) a difference of 12dB were expected between the second 
and fourth order filter which is approximately the case in 
both computer simulation and experimental results. 

The BP-Bp combination leads to the theoretical "ideal" 


fourth order transfer function: 


ЦООР?” Е ety s^ (6.5) 
KETI coa е” 


which takes the following value at wp: 


022000 (6.6) 


According to this, а magnitude response of 12 dB 
approximately at wp, was expected from both experimental and 
computer simulation results. Fig. (6.7) illustrates the 
Simulated response of a fourth order nonideal HP filter vs. a 
second-order one. A difference of 5.8 dB instead of 6 dB can 
be observed. Fig. (6.8) illustrates the experimental 
response, where a difference of 5.4 dB appears basically due 
to the interference of the control switches and the 
nonideally matched values of the capacitors which control the 


fp selection. 
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The N-N combination for the ideal theoretical case 


(АЈ=А2-->00) results the following transfer function: 


4 2 
обе) = Ск) (6.7) 


+ 
| S^ ээ? S uel 
d 


where on is the Notch frequency. 

Fig. (6.9) illustrates the fourth order "nonideal" Notch 
filter simulated response vs. the second order one. 

The AP-Ap combination for the theoretical ideal case 


result in the following transfer function: 


д 
2 OL Жа 
Tega l S = р ( (6.8) 


185628 set i^ 


which takes the following values for S=0 and oo: 


E (6.3) 


with amplitude and phase of 


ше А- Dab , [469 = 320 (6.10) 
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Fig. 6.9 - Fourth Order vs. Second Order Notch 
Filter Amplitude Response from Computer 
Simulation. 
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апа 


Tatoo) = 225 (6.11) 


with amplitude and phase of 


Та (без) | ~ Täh , До) _ = аб (6.12) 


The computer simulation of nonideal fourth order all pass 
filter vs. a second order one which is illustrating at Fig. 
(6.10) matches the above. 

Fig. (6.11) illustrates the resulting Chebychev filter 
from a BP-BP combination with Op=4 and different frequencies 
(fp1=8KHZ  £fp2-10KH2), while Figs. (6.12) and (6.13) 
illustrate the resulting Chebychev filters from the designed 
ane puilt circuit. Fig. (6.14) illustrates the resulting 


response from a HP-LP combination. 
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Fig. 6.13 - BP-BP Response Q,=05=4 
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Fig. 6.14 - HP-LP Response 0,=0,=4 


(£,=3khz, £,=9.0khz) 


VII. APPLICATION OF THE PROPOSED GIC PROGRAMMABLE FILTER 
IN FREQUENCY HOPPING SYSTEMS 


A. BACKGROUND 
1. General Description of Frequency Hopping Signals 

Frequency hopping 15 а spread spectrum modulation 
technique used to generate many possible carrier frequencies 
over a large bandwidth. Of all the possible carrier 
frequencies, only one is selected at a given time. However, 
all frequencies are eventually selected during some time 
interval. 

Frequency hopping (FH) may be pictured as an RF 
carrier whose center frequency is "hopped" over many 
frequencies. The hopping may be either ina simple sequence 
Ог a pseudorandom sequence. 

The hopping rate of a frequency hopping system does 
not affect the bandwidth of the output spectrum. In a direct 
sequence system the chip rate determines the total bandwidth. 
In a frequency hopping system, however, the bandwidth is 
determined by the highest and lowest frequencies of the 
frequency hopped carriers. For example, if the highest 
frequency carrier is at 15 MH2 and the lowest frequency 
carrier is at 10 MHz, the total Signal bandwidth is 5 MHz. 
This is the bandwidth regardless ‘of the hopping rate. This 
allows wideband spread spectrum signal generation at low 


hopping rates. 
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2. Signal Generation 


Frequency-hopped signals may be generated in several 
ways. The different methods are classified into two groups: 
(1) Direct synthesis, and 
(2) Indirect 222020 
One important aspect of frequency hopping synthesis 
is coherency. coherent signal synthesis is defined as the 
establishment of a known and repeatable phase each time a new 
frequency is hopped to. Non-coherent signal synthesis is 
defined as the establishment of a random or unknown phase 
each time a new frequency is hopped to. some techniques, 
direct or indirect, of signal generation can be used as a 
coherent frequency source. In other techniques, the changing 
of frequencies creates non-coherent sources. 
If a frequency hop system is a coherent, it will have 
a signal-to-noise advantage over a non-coherent system. 
a. Direct Synthesis 
The direct approach to signal synthesis utilizes 
techniques which enable direct synthesis of different 
frequencies. Examples of direct synthesis techniques are: 
(1) Frequency mixing, and 
(2) Surface acoustic wave devices. 
Frequency mixing for single synthesis is a common 
technique used to generate many different frequencies. An 
example of the frequency mixing technique is show in Fig. 
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FIGURE 7.1 BLOCK DIAGRAH OF A FREQUENCY HOP MODEM 


A pseudorandom code generator selects one of many transmit frequencies during a small 
time interval. The traffic modulates the carrier frequency which is spread over many 
different frequencies hy the hopping action. Тһе receiver dehops the input signal 
into a narrowband IF, The code synchronizer locks the pseudorandom code generator in 
the recelver to the received signal. A data demodulator removes the traffic from the 
[f amplifier output. 


INS) 


In Fig. (7.2), an RF switch selects one of 
several frequency inputs. Two of these input signals of 
different frequencies are multiplied together to generate a 
new output frequency. The device used to multiply the two 
signals together is called a frequency mixer. when two 
frequencies are mixed, the sum and the difference of the 
frequencies are generated. In order to select only one of 
these frequencies, a "filter is used to reject the unwanted 
frequency." А filter tuned to the desired frequency would 
allow selection of that frequency while rejecting the other. 
By selecting the mixing frequencies in the proper order, the 
output frequency can be stepped through several different 
frequencies. At each frequency mixer output, a filters is 
required to reject unwanted frequencies. The filters may 
require a short time for the signal to stabilize after it is 
selected. The time required for the filter to stable 
each new frequency may ultimately determine the maximum 
hopping rate of the direct frequency synthesizer. 

b. Indirect Synthesis 

The indirect method of signal synthesis is 
defined as frequency synthesis through ,the use ФЕ 
phase-locked oscillators. One common indirect method for 
synthesis is shown in Fig. (7.3). 

In this circuit a phase-locked loop is used to 
generate the numerous carrier frequencies. The phase-locked 


loop has an internal oscillator whose output frequency, Fo, 
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FIGURE 7.2 DIAGRAM OF A DIRECT FREQUENCY SYNTHESIZER 


A pseudorandum sequence selects different combinations of F} through F , which are mixed 
together to form a new frequency. Each new frequency 15 mixed with the rf oscillator 
for transmission as one of the many hopping frequencies. 
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FIGURE 7,3 INDIRECT SIGNAL SYNTHESIS USING A PHASE-LOCKED LOOP 


When the reference frequency, F,, is at the same frequency as F,*, the voltage- 
controlled oscillator produces à constant output frequency, Fg. Since F T 
divided by the programmable divider, Fg is equal to N times Fi. By changing 


the divider ratio, N, many output frequencies are possible. 


2 


is shown in Figure (7.3) as the phase-locked loop output. The 
divide-by-N circuit divides this oscillator frequency by a 
selected number, N. 

The  phase-locked loop internally adjust its 
output frequency Fo so that Fl* is the same frequency as the 
reference frequency Fl. If the divide-by-N circuit output 
frequency is initially lower than the reference frequency F1, 
the oscillator output frequency is automatically increased 
until Fl and F1* are identical. Wen this occurs, the 
oscillator output frequency will become stable and remain at 
that frequency until the number, N, 22:13 When this 
number changes, the oscillator frequency is again 
automatically adjusted so that Fl and Е1Х are again 
identical. 

B. PROPOSED USES OF PROGRAMMABLE FILTER 

A wide field of applications exist in FH systems for the 
programmable GIC filter. The outstanding performance of the 
filter (including sensitivity and stability) and its high 
Speed response to the different inputs (due to the use of 
CMOS integrated circuits) make it very exceptional in this 
field. The first proposed use is indicated, in Fig. (7.4). 
The figure illustrates a receiver of a frequency hopping 
demodulator. The received frequency hopped signal after 
heterodyned by the RF mixer passes through the GIC filter in 
a BP realization (at this application the topology control 


network does not need to exist since the BP realization is 
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the only type to be used). The frequency shift of the filter 
is controlled by the synchronized pseudorandom code 
generator. This code generator also controls Q through some 
interfaced binary logic in order to correct the amplitude 
reduction which appears at high frequencies. The frequency 
shift problems can be easily corrected by the use of 
composate Op. Amp. Fig. (7.5) as it is extensively analyzed 
in Refs. [32], [34], and [35]. 

The programmable filter can also be used in the direct 
frequency synthesizer as it is illustrated at Fig. (7.2). At 
each frequency mixer output exists the need of a filter 
required to reject the unwanted frequencies. The frequencies 
to pass are not always the same, but they hop. the BP 
realization of the filter is used which center frequency can 
be controlled accordingly. The filter may require a short 
time for the signal to stabilize after it is selected. The 
time required for the filter to be stabilized at each new 
frequency may ultimately determine the maximum hopping rate 


of the direct frequency synthesizer. 
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VIII. CONCLUSION 


The novel design described here has resulted in a 
universal programmable filter than сап Бе digitally 
controlled to realize almost any practical ва тег 
Specifications. This is done through the use of CMOS 
switches controlled by binary codes to program the order of 
the filter, the filter topology, the filter center frequency 
and selectivity. The design procedure required developing 
optimum switching arrangements for the minimum redundancy in 
components and least dependence of the filtering function on 
switching imperfections such as switches stray capacitances 
and non-zero and nonlinear  switch-on resistance. The 
sensitivities of Qp, Wp are found to be low with respect to 
the passive and active elements variations. The experimental 
result show close agreement between theory and practice. 
Further, these results indicate that these realizations are 
insensitive to temperature and power supply variations. А 
wide field of applications exists for the programmable filter 
beside the one discussed in Chapter VII. 

(1) Word recognition and speech synthesis; 
(2) Music applications; 
(3) Signal processing in communication; 


(4) Adaptive balancing. 
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Further investigation is needed to develop a programmable 
switched capacitor realization that can allow frequency 
scaling by changing clock frequency. Work can be also: 
extended for developing a wide bandwidth programmable filter 
using the composite operational amplifier technique proposed 
ун ОТЕ Such implementation would lead to a very useful 
monolithic device at moderate cost. 

The research has yielded a paper that was presented at 
the 19th Annual Asilomar Conference on circuits, systems and 


computers, Monterey, California; November, 1985 (Appendix C). 
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APPENDIX A 


DIMENSION ATLISÍ 100) ,PT1S(100) „АТ2 51 100) PDP 
£pAT3IS[ 100), PT35[100),FAT1[(100)»FAT21100), 
DIMENSION AT1(100),PT1(100),AT2(100),;,PT21 
$ PY31100) ,FPT10(100) ,FPT214100) ,FPT3(100); 
= FTF-F1í100),FTF2[100),F TF3(100) ;FP1t100),FP2(100] 5, FP3(100) 
COMPLEX T15,T2S,T335,Y15,Y25$S,Y 3S, Y AS, YSS,YOS,Y7S, Y8S DS, K1S, X25; 
SKIS KAS KSS; KOS 

COMPLEX Т1,Т72 „ТЗ YL ,Y2,Y3,Y45, Y5,Y6$ Y7, YO 0, K1,KX25K3,K4,K5,K65 
DIMENSION FR 100) 3 TI1S( 400) 51 7T15( 100) ,3T2S5( 100) 5sHT2S5 (100) 
39T35(100),HT3S(100),F8T1(100) ;FBT20(100) ,F8BT3(l100) 

DIMENSION 8711100), НТ; (100) „ЗТ2 ( 160), НТ2 (100), ВТ3 (100) 
$» НТЗ {100} ,ЕНТ1(4 100) уРНТ2(100) „ЕНТЗ 100? 

COMPLEX C15,4C2S54,C35,4,G1 5,6G25,G354,G45,G55,G6S,G753,G85,D0S ,X1S, X22), 
*X355,X45,X555,X65S 

COMPLEX C1,4,C2,C3,G1 ,G62,G3,G4$, G553G634 G7 ,G8  DD,X1,X2,X35,4 X45, X55, X655 
OMEGA = De 

DO 20 K = 1,100 

OMEGA = OMEGA * 125.220. 

S = CMPLX1 0.0 з OMEGA ) 


T2S( 100) 
ГАТЗ 4100) 
100) )> АТЗ ( 100), 


CAFRES DATA «ж=<®5=&®®65жФ% 5% доска 


AAA 


RI = 1600. 

Сл = 200Е-Э 

ва: с 3200. 

в2 = 1600. у 
62 ш 50-9 

RQ2 = 3200. 

R3 = 1600 

сз = 12.52-9 

РОЗ = 3200» 

R4 = 1600. 

С4 тс 3,12ЕБЕ-9 

#94 = 3200. 

АЗ = Аа = АЗ5Б = А45 < 1Е5 
Al = А2 = А15 = A2S = 125 
J = 4 

{ = 4 

Ш 2.4 

М с 64 


RHEBSESSESSEASOSSSSESELECT THE TYPE OF THE FOURTH FILTER з<з# + #2 2 за <<< 


DG CASE L 


CASE 

HPF 
GIS = 1,./84 
625 = 615 
635 = SC% 
С45 = GIS 
G6S = GIS 
GSS = 0.0 
G7S = G3S 
GaS с 1./844 

САЗЕ 

LPF 
GiS = 1.184 
62$ = $#С4 
635 = ©25% 1.4/845 
645 = 015 
665 = 9.0 
555 < 615 
675 с 02.0 
GBS =G1S 

CASE 

NOTCH 
GiS = 1e/R4 
б25 = GIS 
535 = S£C4 
оф5 = GIS 
GSS = GIS 
G6S = 0.0 
G7S = 635 
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675 = 535 
GAS = 1.4R94 
12 NONE 00 
С ВРЕ 
5615 с 1,./84 
625 = 615 
635 = S3C4 
G4S = GIS 
655 = 0.0 
6655 = 615 
675 = 1./ 894 
685 =5=Сса 
END CASE 
С 


Сва <23:322232:22::е 322: 
OO CASE М 


SELECT THE 


TYPE OF THE THIRD FILTER $4232533242 5235 





CASE 
C HPF 
СТ = 1l./R3 
G2 = G1 
G3 ш 5503 
G4 = Gl 
G6 = Gl 
GS = 0.0 
G7 = Са 
ов = 1.783 
САЗЕ 
€ LPF 
G2 = SxC3 
G3 = G2 * 1sZRQ3 
GS = Gl 
G6 = 00 
G5 = Gl 
GT = 0.0 
ов = Gl 
CASE 
E NOTCH 
о1 = 1+-/783 
G2 = Gl 
G3 = S<C3 
G4 = G1 
G5 - GL 
об = Oe 
G7 = 93 
ов = le /RQI 
IF NONE DO | 
© ВРЕ 
G1 = 1.И/ЮЗ | 
G2 = GI 
G3 = 5503 
54 = GI | 
65 = 0.0 | 
об = Gi | 
G7 = 1./RQJ3 | 
са 255 САД | 
ЕМО СА5Е | 
С #3357# а 2 + 3 # «за #3 <5Е!| ЕСТ THE TYPE OF THE SECOND FILTER 222442232223202% ! 
DO CASE I : | 
CASE 
c НРЕ 
Ү15 = деи 2 
Y2S = Ү15 
Y3S - 5»с2 
Yas = VIS 
Y6s = VIS 
Ү55 = 0.0 
YTS = VIS 
Ү85 = l1./RQ2 
CASE 
C L.PF 
Y1S = 1e/7R2 
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Y2S = S=C2 
Y3S - Ү25» 1./842 
Y4S = \15 
Y6S = 0.0 
YSS z Y1S 
Y7S = 0.0 
Y8S =Y1S 

CASE 

С матсн 

Y1S = 12782 
Y2S = "15 
Ү35 = 5:02 
Yas = VIS 
YSS = YUS 
Ү65 = 0.0 
Y7S = Y3IS 
Y8S = 1e/RQ2 

IF NONE OO 

C ЗРЕ 

“15 = 12742 
Y2s = VIS 
Y3S = S2C2 
Y4S = Ү15 
Ү55 = 0.0 
Yes = VIS 
Y8S -5%С2 

END CASE 


С 
С. з2:х2# 3227: зза3з SELECT THE TYPE OF THE FIRST FILTER SRS SR 5525S 5555 52 
DO CASE J 


CASE 
С НРЕ 
Ү1 = 1-7"71 
Y2 = е1 
Y3 ш 55С1 
Ү 4 = Yl 
YG = VI 
YS = 0.0 
YT = Y3 
Ya = 1./ROI 
CASE 
С СРЕ 
Y1 = 1„/н1 
Ү? = 5сСі 
ҮЗ ш Ү2 » 1./801 
Ү 4 = УЛ 
Y6 = 0.0 
үс; s VI 
Ү 7 = 0.0 
ҮВ = Y1 
CASE 
C NOTCH 
YI = 1e/RI 
Ү2 = YI 
УЗ = SeCI 
ха = Yi 
YS = Yt 
YO - Oe 
УТ = УЗ 
УЗ = le /RQ1 
ЇЕ МОМЄ DO 
С ВРЕ 
Ү1 = l./R1 
Ү2 = VI 
Y3 = 5361 
Ү 4 = VI 
YS = 0.0 
Ye = Y1 
УТ = l1./RQ1 
ха -5501 
ЕМО САЗЕ 


Tor 


С ая миаз 


C 


AM 


по 


по 


+ + % 


tt 


H %4 k ж 


FRIIK) = OMEGA, 6« 28 
S = СМО Х(40.0,; OMEGA) 


К15 = Ү155{1»4* 1./А25) . 
K2S = (725 + \55 + YGS) 
K3S = (V45 + Y7S + Y8S) 
К<5 = VAS + VAS 

KSS = Ү15 е ҮЗ5 

K6S = У55 ¢ Y6S 

кг = (“2 + У5 + үб) 

K3 = {Y4 è Y7 + үз) 

КА = Y4 + үз 

KS = Vi + ҮЗ 

кб = т5 + YO 

KIS = 0151116? 1./А45) 
Х25 = {625 + 6055 + 665) 
X35 = {4645$ + 675 » 685) 
X43 = 645 е 685 

х55 = 615 + 535 

х55 = 055 + 065 

Хі = 0501416? 1./А4) 

x2 = (G2 + 05 + G6) 

ХЗ = 464 + 57 + ба) 

X = G4 + ов 

XS = GI + G3 

хб = GS + 56 


DS =(KISEK2SEKISI/AIS + Ү155Ү455К65 *ҮЗ555*25$5$К3235/{А155А25ў)+ 
Ү25%Ү25%Ү45/4А25%%(Ү25/Ү15%<скК15%Ү3544ҮУ75%Ү85) ж ҮЗ52К652к 35/А25 
Т15:4Ү15%Ү45еҮ55 *Y3S5YSSt[(Y7S-YB8S) %Ү3З5%Ү75%(%0Ұ25%Ү65)%( Ү75% 
(Y1S*Y3S)SK2S) /A1S) /DS 
Т2524Ү152Ү552кК 45 -Ү15%Ү75%Ү65 %ҮЗ5%Ү55%2К45/А25 -ҮЗ5%Ү65%Ү75/А25 
%“Ү552Ү75%К55/А15 % Ү25%ҰҮЗ35%Ү75 )/DS 
Т35-(К15%5Ұ75%<25/А15 %К152Ү45%Ү5655 «ҮЗ5:Ү755:к25/А155А25 %ҮЗ5%Ү45 
SYSS/A2S + ІҮ15/Ү25)2К152ҮЗ35%Ү75 % К652ҮЗ35%Ү75/4А25) /05 


D =(K1%X22K3)/AL * YISTSYA4zK6 еФҮЗок2Ф2ХхХ2/(А1%А2)% Ү2%5ҮЗ2Ү4/А2 + 
(У2/У1 ) <К1 +<У 3 | 77 +у8) + ҮЗскбек2а/А2 
Tli=l(Y12Y42XYS .Y32%Y521Y7-Y8) +у33 7 з| YZ Ууо) + (| уУ72 | У1 зу3 ) <К2 ) ИА) /О 
Т2-:1Ү12Ү52К4 -Ү15Ү7%Ү6 + УЗЗУ5ЗХА/А 2 -Y32Y62%<Y7/A2 *YSZSZYTSKS/A2 + 
Y23Y3=Y7 )/D 
Тї-:(кК1:Ү7:21/А1 >K19Y4%YS o Y 3I2Y75K2/A1>2A2 +» YI=Y4RVE/A2 *1Y2/Y1)* 
ҚК1%2Ү39Ұ7 €KOXYOSYT/A2)/O 


DOS -|х15#х252х35) /А35 ” С15%С452Х65 e€GJ3StX2S2X3S/(A3SSA4S)*€ 
С25#2035:2045 /А45 + { 625/615) 2х15+6354(673+685) % С352Х65%Х25/А45 
СЕ 5 (С1592045С0 55 40603580555 (675-085) Н035807524025Ж40651) “40755 
(015+035)2х25) /А35) / 005 
C2S=(GISSGSS2X4S -01520752665 ФС35:0555Х45/А45 -С3556655С75/А45 
105598 57532 Хо ОЛ/А 35 %« 625%С625%675 )/005 
С35-(Х15%С7529Х25/А35 + к1 5204 5#2055 4«С35:075:Х25/АХ352:А45 *С6355С645 
$G3S/A4S + 1G1S5/G25)*%Xx1S%G3S23G7S + XxX6S5G352%G73/A4S)/DOS 


00-1Х15:Х25Х3) /АЗ % С1%С4%Х6 «С35:Х2-Х3/Є(АЗ-АА)» С2503:04/АА4 + 
{ С2/С1 )# Х1 3038 | 07+ 08) + ОЗЗХБСХЗИА4 
С1З4 ОТ 204 2050 ЗЕ 054( 0607-0658) #0 3250731 02+06) + | G7$5(G1*«G3) 2X2) /A3)1/70D 
С2< (051 +о05жха-0 1307306 €GJ3J9G5$X4/A4 —G3T2GO*G7/A4 €G52G73X5/A4 + 
G2¢G32G7 )/DD 
СЗ:( ХІ з57-Х2/АЗ *X1*XG42GS +G3<G72X2/ A3GA4 +G32643G5/A4 *(G2/G1)* 
Х1 1403407 €X63G33G7/A4)/DO 


АТ151К) - 20.2А 0С10(САВ5(Т15)) 
AT2S1K) = 20 ФУ АЏ ОС1О(САВЗ, 125) ) 
АТ з5(к) = 20 .2А 0С10(САВ5{ 735) } 
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de - w--—. аж > 2: a 


| 
| 
x 


арт ж @ Qa Pp < ч мо 6 8-< — ale oo DAR пома та dub s" ` $ b. ee eee 


w > 


АТМАС{ 135) 


< АГАМ2( А1Т15 у АЯТ15)= 57.325 
= АТАМ2{ АІТ25 » ART2S)% 57.325 
2 ATANZ(AIT3S , ART3S)S 57.325 


20. ХА: ОО1О(САВЗ(Т1 3) 
20. SALOG10( CABS(T2)) 
20. *ALOGI104 CABS(T3)) 


REALITI) 

REAL( T2) 
REAL(T3] 

AIMAGIT1) 
АТМАСО (72) 

АІМАС ТЗ) 

= ATAN2[AITI ps ART1)% 572325 
= АТАМ2(А[Т2 , ART2)* 57.325 
< АТАМ2 | АТТЗ , АНТЗ ) < 57.325 
= ATIQK? © ATIS(K) 

= AT21K)Y) + AT2S(K) 

z АТЗ(К) Ф АТЗ5(к) 

= РТД4(К) © PTISCK) 

z PT2(X) » РТ25(К) 

= РТЗ(К) + РТЗЗ(К) 


20 ePALOGIO(CABS( C15) ) 
20 eSALOGIO(CASSI( C25) } 
20 e*AL OGIO (CABS{(C3S)) 


REAL (C1S} 
REAL (C2S) 
REAL (C3S) 


АГМАС(С15) 
АТМАС(С25) 
АТМАО(С353) 


ATAN2(AITIS , ARTIS)* 57.325 
АТАМ2 А! Т25 yy ART2S)% 57.325 
ATAN2( AIT3S , ART3S)$ 57.325 


2 20. SALOGIO(CAB8SICI)I) 
= 20. *ALOG1O1CABS1C2)) 
= 2004 *ALOGIO(CABS(C3)) 


НЕА: 4 С: ) 

REAL! C2) 
REALI CI) 

AIMAG (C1) 

AIMAG(C2) 

AIMAG(C3) 

= ATAN21AIT1 , ARTI3% 57. 325 
= ATAN2(AIT2 , АВТ2)25 57.325 
= АТАМ2 {АІТЗ , ART3)$* 57.325 
z STIÍK) + BTISIK) 

= ат2(к) » вт25(к) 

= BT3IK) + BT3SIK) 
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EHTI(K) = HTI(K) + HTISIK) 

FHT2(K) = HT2(K) » нт25(к) 

ЕНТЗ(К) = HT31K) * HT3S(K) 
с 

ЕТЕІ (Х) с АТ1(к) © ВТ1(К) * ВТ15(К) + ATIS(K) 

ЕТЕ21К) = БАТ2(К) + ЕЗТ2 (К) 

ЕТЕЗ(к) = БАТЗ(К) + ЕВТЗ(К) 
E 

FP11X) = ЕНТа 4 К) + ЕРТ1(к) 

ЕР21К) = FHT24K) + FPT21K) 

ЕРЗ(к) = ЕНТЗ{К) + ЕРТЗ(К) 
C 

МРТТЕ (6,66) ЕЯА(К),ЕАТТ(К),ЕЗТТ (К } 

> )„ЕТЕ 1 (к), НТ! (К ) ъЕНТЪ (К) 
С = Ентз(к) 
20 CONTINUE 
66 FORMAT{(6U1LX,F 9-3) ) 
STOP 
ENO 

SENTRY 
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$308 


С 


{ 
‚ *» АТЗ5 { 100), РТЗ$ 
1 
( 


ATDEESNDEIX B 


DIMENSION ATIS PTISI 100) sAT25( 100), PT2S51f 100) 
»FATLI(100 ) pFAT2(100) »FAT3 (100). 
DIMENSION АТЕ( Ti(100) зАТ2 ( 100 ) „РТ2 (| 100) »АТЗ (100), 
$ PT3í(100),FPT1 FP 
* FTFI (100) ,FTF2 p 

COMPLEX Т15,Т25,Т35 
SKIS KS XSS KOS 
COMPLEX Tl3T2),T3) Y1 72,73, 79, У5, 76, У7 , У8, О, К1 ,К2,К3,К4+, K55,KX6 
DIMENSION FRI 100) „,3715(1100), НТ 1511100) ,ВТ25 (1100), НТ2 5 | 100) 

3,735 (100) „,НТ35 4100 ),ЕВТ1 ( 1С0 ),„ЕВТ (100) »ЕВТЗ (1 100 ) 

DIMENSION 0711100), НТ 14 (| 100) „БТ2 (1:00), НТ2 1100) „ВТЗ4 100 ) 
$» НТЗ{ 100) „ЕНТ 1 (| 1003 „ЕНТ2 | 100) ,FHT 31100) 

СОМРЦЕХ С15,С25,С35,015,025,С35,С45,С55,065,О75,0835,005,Хх15,Х25, 
“Х35,Х45,Х55;Х65 

COMPLEX C195C235C 3,G1 ,,Со2,о5>3,0о5%; оО5,С6,; 57,Оо8,ОО,Х1,Х2у,Х3,;Х4у,Х5,Х6у5 
OMEGA = Oo 

DO 20 K - 154100 

OMEGA = OMEGA »Ф 125.220. 

S = CMPLX( O.0 , OMEGA ) 
DATA #55## #3 #2 #5 ка аа 


Т2( 100) „ЕРТ 34100), 
FTF31100) ,FP1(100),FP2i100) ,FP31100) 
Ү15,Ү25 ҮЗ5 }Ү35 }Ү55 з Үоӧб)} Ү 15 , ҮЗЅ 05, К15)к25, 


21 = 1600. 
C1 Е 200Е-9 
а: = 32000 
22 = 1600. 
G2 = SOE-9 
RQ2 = 3200. 
R3 = 1600. 
СЗ = 12.5E-9 
283 = 32000 
Ва = 1600 
Са = 3.12Е--9 
Во = 3200. 
Мі с: Ж15 = "SET VALUE *” 
A3 = A4 = AJS = A&S = WIS 
Al = А2 = AIS = A2S = м15/5 
Ј = 4 
1 = 4 
L = 4 
N = 4 
© 
С 
С 2333$ $32233 3ЕЦЩЕСТ ТНЕ ТУРЕ OF THE FOURTH FILTER #:23::х:423з< 3 з<+ <<< 
DO CASE L 
CASE 
С HPF 
G1S = 1./84 
G2S = G1S 
535 = SSCs 
645 = GIS 
565 : 015 
655 = 0.0 
575 = 635 
685 з 1./804 
САЗЕ 
С СРЕ 
G1S = 1 ./НА 
625 = $$С% - 
535 = 625% le./RQ4 
С&5 = 615 
66$ = 0.0 
GSS = Gis 
675 = 0.0 
585 2615 
САЅЕ 
С NOTCH 
С15 = 1-/84 
С25 = С15 
635 = 5%С4 
оњ5 = GIS 
GSS = GIS 
565 з 0-0 
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575 
GBS 
I= NONE 
€ ВРЕ 
615 
о25 
535 
545 
555 
565 
GIS 
Gas 
ENO CASE 
с 
С = 
ОС САЗЕ 
САЗЕ 
C НРЕ 
Gi 
G2 
G3 
G4 
G6 
G5 
G7 
G8 
CASE 
с LPF 
Gt 
G2 
G3 
G^ 
G6 
GS 
G7 
G8 
CASE 
C МОТСН 
о1 
о2 
G3 
G4 
GS 
G6 
G7 


G8 
IF NONE 
с ВРЕ 
G1 
G2 
63 
G4 
GS 
G6 
G7 
68 
ЕМО САЗЕ 


DO CASE I 
CASE 
c HPF 
Ү15 
Y25 
Y 3S 
Ү45 
Y6S 
YSS 
YTS 
ҮВ5Э 
СА5ЗЕ 
C СРЕ 
Yis 


они 


D 


SELECT THE TYPE OF THE THIRO FILTE 


N 


нг. H H H попинини 


O u u uH n uuu 


о 


535 
1./844 


1. / RA 
515 

> + СА 
515 
0.0 
515 
1./ 894 
55С4 


1. ZR3 
G1 
55303 
о1 

G1 

0-0 

63 
12./наз 


1./80а3 


1483 


1./R2 
vis 
5зс2 
У15 
yis 
0.0 
Y3S 
1./на2 


14 /Н2 


i 

| 

| 

x 

! 

! 
С *SeSeeeeeseeeee3SELECT THE TYPE OF THE SECOND FILTER seeeexeeeeseee5 
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AAA ÁS 


i| 





| 








| 
| 


| 
| 
| 
| 
| 


Ү25 - 5+С2 
Y3S = Ү25Ф 1./842 
Y4S = Y1S 
Y6S = 0.0 
YSS = Ү15 
Ү75 = 0.0 
Y3S =Y1S 

CASE 

C NOTCH 

Y1S = 1./82` 
Y2S = Y1S 
Y3S = SxC2 
Үж5 с: YIS 
YSS = VIS 
Y7S = Y3S 
Y8S = 1./Н32 

IF NONE DO 

E ВРЕ 

Ү15 = 1./R2 
Y2s = Y1S 
Y3S = 52С2 
Ү45 = Ү15 
YSS = 0.0 
YOS = VIS 
Ү75 = 14/7RQ2 
ҮЗ< =55С2 

ЕМО САЗЕ 


C 
Са за 3333 << а з SELECT THE TYPE OF THE FIRST FILTER kastist аа ааа 0741 
DO CASE J 


CASE 
= НРЕ 
Ү1 = 1 «/Rt 
Y2 s YI 
Y3 ес 5501 
ҮЭ = VI 
Y6 = VI 
Ү 5 = 0.0 
Y7 = Y3 
ҮЗ = l1./RQI1 
CASE 
C LPF 
Ү1 : 1. 81 
Y2 = 5501 
Y 3 = Y2 + 1.4841 
Y4 = ЧЕ 
Ү 6 = 0.0 
NS = Yl 
Y7 = 0.0 
Y8 = YI 
| CASE 
С NOTCH 
Yi = 1e/R1 
Ү2 = YI 
ҮЗ = SeCl 
Y4 = Yl 
YS = YI 
YO = 9. 
YT = УЗ 
УЗ = 1. /RQÍ 
IF NONE DO 
G SPF 
Yi = 1.%R1 
Y 2 = Yl 
ҮЗ = S3xC1 
v4 = Y1 
YS = 0.0 
Yo = та 
“7 = 1./RQ1 
YO =S=Cl 
ENO CASE 


ШЕТ 


PTT YY 1 @:ф Фф рид Ду ди: 2и иф БОЕО E-E EE-E м Фф @$®$@% фу 


С 


оо 


са 


са 


4 + +» 


% 


$ 4 4 а 


ЕНІК) - ОМЕСА/6.г28 
S = CMPLX(0e0p OMEGA) 





Kis = Ү152412% 1 - /А25) 

К25 = (725 + YSS + Y6S) 

K3S = {\45 + Y7S + УВ5) 

K45 = VAS + VAS 

KSS - VIS + ҮЗ5 

KGS = YSS è YGS 

КТ = Ү1:(1-» 1.ИА2)} 

кг = (У2 + У5 + Уб) 

K3 = {Y4 + Ү7 + уа) 

кас Ү + VA 

KS = Yl + ҮЗ 

Кб = У5 + YS | 
X1S = G1S5(1.* 1./А45) | 
Х25 = {625 + 655 + 665) | 
ХА5З = (64$ + С?75 + 685) 

X43  G4S + GSS | 
х55 = 615 + 635 

X6S = 655 + 665 | 
X1 = 61#(14+ 1./А4) 

х2 = (о2 + С5 + G6) | 
ХЗ = 46564 + 67 + оа) 

Ха 2 G4 + GA 

XS = СЕ + GJ 

хб = 65 + 66 | 


OS <(К152К 25<< 35) ИА 15 + VISEVASEKGS «ҮЗ5:25:К35/(А15:А25)Ф | 
У 25 хУ Д5< УАЗ /А25 + (725 / 715) ак1 52у 35 2|уУ75+ УВ5) + У355к65< “357408 
Т152:4Ү152Ү452Ү55 *Y3S5YSSt(Y7S-YB8OS) »жҮЗ5г:Ү75:(Ү2524Ү651)-41Ү75 
(у15+е+уз5 ) 3 к25) /А15) /05 
Т25:4Ү1452Ү55:<кК 46 -Ү15%Ү752Ү65 %Ү352Ү552К45/4А25 35 p 
+YSSSY7SZ#KSSZAL1S © Y2S2Y3S4Y7S )/05 
T3S=(K1SSY7SSK2S/A1S %К152Ү452Ү55 «ҮЗ5б:Ү755:К25/А15сА25 +Y3S2Y4S 
2YSSZA2S » %Ү15/Ү25)2К152Ү2352Ү75 + кК65з 7354775 /А25) ⁄9S 


1 


| 
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ABSTRACT 


[п tnis contribution a general purpose 
digitally controlled analog filter 13 presented. 
The novel design 1з a cascade of second order 
sections that are individually programmed to 
achleve any filtering topologies. Two-binary 
words are used to control the pole frequency Wp 
and selectivity Qp of eacn section independently. 
Eacn second order section 1s a Generalized- 
Immittance converter (GIC) biquads which are 
known for their high stability and low active 
and passive sensitivity. CMOS switches are used 
to electronically relocate tne minimum number of 
passive elements to achieve function 
programmability. Switches are also used to 
select tne number of cascaded sections to 
realize higher order transfer functions. 

1. INTRODUCTION 

Tne avallability of an analog filter with 
digitally controlled "programmable" coefficients 
has been the goal of many researchers due to lts 
several attractions. One possidility of a com- 
pact, versatile analog filter under remote 
control opens up many novel and independent 
application areas. Also, wnen a programmable 
fitter 13 combined with a permanent refercnce 
memory which 1s user-programmable, thl3s would 
form an econonical and versatile device for 
dedicated 3tand-alone applications. The need 
for sucn a device was motivated by advancement 
in filim and semiconductor technologles ay well 
аз the continuous upgrading of systems specifica- 
tiona to taxe advantage of tne avallable 
technologies to tne limits. 


Linear analog filtering finds many applica- 
tlons, such as speech processing (recognition or 
synthesis), geology, Instrumentation, communica- 
tions, process control, adaptive balancing, etc. 
There nas been mucn empnasi1s on performing the 
filtering function digitally, largely because of 
tne ease of varying and optimizing the transfer 
function. However, for many reasons, sucn a3 
cost. size, signal processing complexity, and 
bandwidth, It would be desirable to perform tne 
filter function with linear components yet 
retain tne flexability of varylng the fllter 
parameters digitally. 


Recently, tne advantages of combining 
linear components (operational amplifiers (OAS), 
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resistors and capacitors) and nonlinear elements 
(switenes) nave been demonstrated using Switcned 
Capacitor techniques [1-3]. In tnis contritu- 
tion, we are presenting the results of realizing 
a continuous active device using linear elements 
and switcnes controlled by digital signals to 
achieve a fully programmable filter (4). 
several programming features of the proposed 
filter are reported. Tne first feature is the 
ability of tne network to realize the most 
common filtering functions (function programma- 
bility) namely: Low Pass (LP), Band Pass (EP), 
High Pass (HP), All Pass (AP) and Hotch(N) 
functions, using the minimal set of elements. 
Tne second feature із the ability of the network 
to program (independently) tne key parameters of 
the filtering function cnosen (parameter program- 
mabllity) namely: the pole resonent frequency 
(up) and selectivity (Gp). Finally the ability 
to program the network to cascade Several sec- 
tions to acnleve nigner order filter. All of 
tne above programmability features are performed 
{ndependently to realize a universal filtering 
network. 

2. DESICN ANALYSIS OF THE PROPOSED FILTERS 

Tne basic uctive network considered.here as 
the neart o!l the programmable filter із tne 
second order Generalized lmmíttance Converter 
(012) structure [5], Fig. !, wnose superior 
performance was establisned in tne literature 
(6). The general transfer function realized 
T(s) 13 glven by: 

T(3) « N(s)/D(s)-(ag*ay3*as2)/(bg*bis*bo32) (1) 


Tne CIC transfer functions of Fig. 1 assuming 
non~ideal OAs are given by 
Ya [1- 5). Ч в ЫГ т, T, te) © 
Un (1-3). == Гете, 211. И: (2) 
о т UA Біле таза -Ү. 
Stabllity and sensitivity analysis: Е 


пази 


An important criterion of a realization 13 its 
sensitivity to element variations. Тһе GIC 
sensitivity analysis паз зпомп to be a3 good or 
better than all competitive second order net- 
works (6). While the GlC stability can easily 
be demonstrated since in all tne transfer 
functions (2), the coefficients of D(s) are seen 
to remain positive for any OA mismatch. This 13 


due to the absence of negative terms 1п 0(3). 
Therefore the zeros of D(s) will remain in the 
left-half s-plane and low frequency unstable 
modes cannot arise during activation. 


Function programmability: 


The objective of tnis research was to 
develop a device that із capable of realizing 
the following transfer functions: LP where T(s) 
. К/р(8), BP where T(s) » KS/D(s), HP where T(s) 
= KS?/D(s), AP мпеге T(s)«(s?-s(up/Qp) «up? ]/D(s) 
and N where T(s)-«(s2*u22)/D(s). By optimizing 
the design of the filter, it was found that all 
of the above functions can be realized by the 
second order GIC section using four resistors, 
two capacitors and two OAs as shown in Table 1. 
These passive elements are connected to differ- 
ent nodes to achieve the varlous realizations. 
A set of CMOS bilateral switches controlled by 
digital binary word, are used to relocate tne 
same elements in different ways to achieve the 
desired filtering functions according to Fig. 2. 
The truth table of the switches control logic 19 
shown in Tabdie 2, while Fig. 3 illustrates the 
corresponding minimized CMOS logic circuit used 
for passive elements relocation. 


Paramater programmability: 


White four of the resistors are equal and of 
value R each, the fifth resistor is the Qp 
determining resistor and of value Ва”ВОр. The 
two capacitors are equal and of value се1/(ора) 
each. Two equal banks of capacitors are used to 
control wp. Each bank contains n binary- 
weighted capacitors connected in series with n 
CMOS switches as shown in Fig. 4. Using n bit 
binary word to control the switches, 2" 
different values of О сап be obtained that cor- 
responds to 2" different values of up. Using a 
similar technique, tne value of Ra can be соп- 
troiled by an m bit digital word that ylelds 20 
different values of Ор, as illustrated in Fig. 5. 
Thus, full independent control of the pole pair 
wp and Qp are achieved by programming the 
Anaad words controlling the switches to obtain 
tne corresponding c and Ва. The complete second 
order programmable filter is shown in Fig.6. 
where the function programmability as well as 
the parameter programmability are demonstrated. 


Higher order programmability: 


Active filters design procedure can be 
Classified as direct or cascade. Іп direct 
synthesis procedures tne transfer function 1s 
realized as a single section (7). In cascade 
synthesis procedures a high order transfer 
function 13 expressed as a product of first and 
second order transfer functions and each of 
these із realized independently. The overall 
network 1з obtained by cascading the individual 
sections, The cascade method of synthesis 
offers two practical advantages (a) simple 
network tuning (b) a few number of universal 
sections can be designed which can realize a 
multitude of network specifications, 


~ 
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The second order GIC network structure 
lends itself to the cascade synthesis procedure 
since tt does not require additional isolating 
amplifiers. Fig.6.b shows a block diagram of a 
programmable higher order filter that utilizes 
the second procedure by cascading 2 or more 
sections of the filter network shown in Fig. 6.a. 
The result is a high order fully programmable 
general purpose filter, that can be tailored to 
match almost any proposed specification. 

3. COMPUTER SIMULATIONS AND EXPERIMENTAL 
VERIFICATIONS: 


Fig. 7 shows differenct computer simulation 
outputs of the programmable filter. The plots 
Simulate the fiiter responses assuming ideal OAs 
with infinite Gain Banawidth Products (GBWP), as 
well as practical filter responses assuming OA's 
finite GBWPs of 1 MHz as of that of the LM741 OA. 
A single pole OA model was utilized to approxi- 
mate the filter transfer functions 1n the later 
case. The approximation was found adequate 
since the simulation results of the nonideal 
response were found to be of close proximity to 
the experimental results of Fig. 8. The experi- 
mental results were obtained using a three bit 
word for filter topology programmabllity to 
select the type of transfer functions. A two 
words, four bits each, were used for filter para- 
meters programmability where Wp and Qa are 
controlled independently as given in Таз! с ЫГ 
Fig. 7 also 1llustrates a higher order program- 
mabillty where a fourth order characteristics 
are Shown for a LPF and a Chebychev ВРЕ, 

4, CONCLUSION 

The novel design described nere has 
resulted 1n a universal programmable filter that 
can be digitally controlled to realize almost 
any practical filter specifications. This 13 
done through the use of CMOS switches controlled 
by binary codes to program the order of the 
filter, the fiiter topology, the filter center 
frequency and selectivity. The design procedure 
required developing optimum switching arrange- 
ments for the minimum redundancy in components 
and the least dependence of the filtering 
funotion on switonhing imperfeotiona suoh as 
Switches stray capacitances and non-zero and 
non-1i1near switch-on resistance. Further invest- 
{gation 13 being conducted to develop a program- 


/mable switched capacitor realization that can 


allow frequency scaling by cnanging clock 
frequency. Work 1s also in progress for 
developing an extended bandwidth programmable 
filter using the composite operational amplifier 
technique proposed earlier by the author. Such 
implementation would lead to a very useful 


monolithic device at moderate cost. 
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B.P.F Realization for different frequencies 


Fig. 8 Experimental Results 
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